The Drosophila tracheal system arises from clusters of ectodermal cells that invaginate and migrate to originate a network of epithelial tubes. Genetic analyses have identi®ed several genes that are speci®cally expressed in the tracheal cells and are required for tracheal development. Among them, trachealess (trh) is able to induce ectopic tracheal pits and therefore it has been suggested that it would act as an inducer of tracheal cell fates; however, this capacity appears to be spatially restricted. Here we analyze the expression of the tracheal speci®c genes in the early steps of tracheal development and their cross-interactions. We ®nd that there is a set of primary genes including trh and ventral veinless (vvl) whose expression does not depend on any other tracheal gene and a set of downstream genes whose expression requires different combinations of the primary genes. We also ®nd that the combined expression of primary genes is suf®cient to induce some downstream genes but not others. These results indicate that there is not a single master gene responsible for the appropriate expression of the tracheal genes and support a model where tracheal cell fates are induced by the co-operation of several factors rather than by the activity of a single tracheal inducer. q
Introduction
The Drosophila tracheal system has become a specially appropriate model for the study of the genetic control of morphogenesis and in particular of the development of the multibranched tubular organs present in many organisms (reviewed in Hogan and Yingling 1998; Metzger and Krasnow, 1999) . The Drosophila tracheal system arises from the tracheal placodes, clusters of ectodermal cells that appear at each side of ten embryonic segments, from the second thoracic segment to the eighth abdominal segment. The cells of each cluster invaginate and subsequent formation of the tracheal tree occurs by cell migration and fusion of tracheal branches, without cell division (reviewed in Manning and Krasnow, 1993) .
Allocation of the tracheal placodes in the embryo is controlled by the genes that specify positional cues along the embryonic body axes. Thus, the segment polarity genes are required for singling out which ectodermal cells in the anteroposterior axis in each segment will develop as tracheal cells. For instance, in wingless (wg) mutant embryos the tracheal placodes are no longer separated by intervening cells and in some cases a single tracheal pit differentiates at each embryonic side (de Celis et al., 1995; Wilk et al., 1996) . Similarly, decapentaplegic (dpp) is responsible for the exact positioning of the tracheal placodes along the dorsoventral axis; expansion of dpp expression results in an increased recruitment of tracheal cells and a concomitant enlargement of the tracheal placodes (de Celis et al., 1995) . Independently, the gene spalt (sal) is responsible for the con®nement of the tracheal placodes to the central body segments and its exclusion from the more anterior and posterior regions of the embryo; in sal mutant embryos extra tracheal placodes develop in additional segments both anteriorly and posteriorly (Ku Èhnlein and Schuh, 1996) .
Genetic analyses have also identi®ed a number of genes that are speci®cally expressed in the tracheal cells and are required for tracheal development. In particular, trachealess (trh), coding for a bHLH transcription factor, is expressed in the tracheal precursor cells prior to their morphological differentiation. In the absence of trh function, tracheal cells do not invaginate (Isaac and Andrew, 1996; Wilk et al., 1996) . Besides, ectopic trh expression is able to induce additional tracheal pits and therefore it has been suggested that trh could act as an inducer of tracheal cell fates. However, the capacity of trh to induce additional tracheal pits appears to be spatially restricted (Wilk et al., 1996) .
Another gene, ventral veinless (vvl), coding for the Cf1a transcription factor, is also expressed very early in the tracheal precursor cells. Invagination of tracheal cells is abnormal in vvl mutants and subsequent migration is impaired (Anderson et al., 1995; de Celis et al., 1995; Llimargas and Casanova, 1999) . Expression of all the other tracheal speci®c genes studied to date is dependent on trh, vvl or both. This is the case of breathless (btl), encoding an FGF receptor homologue required for tracheal migration (Kla Èmbt et al., 1992) , thick veins (tkv), coding for a Dpp receptor (Brummel et al., 1994; Nellen et al., 1994; Penton et al., 1994) that is speci®cally required for tracheal cell migration in the dorsoventral axis (Llimargas and Casanova, 1997; Vincent et al., 1997) and rhomboid (rho), which codes for a transmembrane protein involved in the EGF signalling pathway (Bier et al., 1990; Ruohola-Baker et al., 1993; Sturtevant and Bier, 1995) that regulates tracheal cell invagination and formation of the dorsal trunk Casanova, 1997, 1999; Wappner et al., 1997) .
Here we analyze the expression of the tracheal speci®c genes in the early steps of tracheal development and their cross-interactions. We ®nd that there is a set of primary genes whose expression does not depend on any other tracheal gene. On the contrary, a set of downstream genes appears to be induced by different combinations of the primary tracheal genes. Moreover, we show that the combined expression of primary genes is suf®cient to induce some downstream genes but not others. These results indicate that there is not a single master gene responsible for the appropriate expression of the tracheal speci®c genes and support a model where tracheal cell fates are induced by the combination of several factors rather than by the activity of a single tracheal inducer.
Results
2.1. Expression and regulation of tracheal speci®c genes trh and vvl are two genes coding for transcription factors that are expressed in the tracheal precursor cells. Both genes appear to initiate or to act very early in the genetic hierarchy specifying tracheal development (Anderson et al., 1995; de Celis et al., 1995; Isaac and Andrew, 1996; Wilk et al., 1996) . We and others have already reported that vvl expression in the tracheal cells is independent of trh function (Isaac and Andrew, 1996; Llimargas and Casanova, 1997) . We also ®nd that trh expression in the tracheal cells is independent of vvl function (Fig. 1A) indicating that the two genes act in parallel in the control of tracheal cell development.
It has already been reported that btl, a gene encoding an FGF receptor homologue required for tracheal migration (Kla Èmbt et al., 1992) , is a target of trh that requires vvl for the maintenance of its transcription (Anderson et al., 1996;  XT1 mutant embryos lacking both kni and knrl function. Note that fewer tracheal placodes develop in these embryos due to the earlier role of kni in embryonic segmentation. Tracheal expression of all the others tracheal genes analyzed is also present in Df(3L)ri XT1 mutant embryos. Wilk et al., 1996; Ohshiro and Saigo, 1997) . Transduction of the FGF signalling also requires the Dof protein, which is speci®cally expressed in the tracheal cells. However, dof is not a target gene activated as a result of FGF signalling as its expression is not affected in btl mutant embryos . Conversely, our results show that the speci®c expression of dof in the tracheal cells is dependent on trh and vvl activity (Fig. 1H) . Thus, trh and vvl enable the tracheal cells to be competent to FGF signalling by regulating the expression of at least two elements (btl and dof) acting at different steps in the Btl pathway. In contrast to the general requirement of the Btl pathway, the Dpp and EGF pathways are required for migration of certain branches of the tracheal system; competence of the tracheal cells to those signals depends on the speci®c tracheal expression in the tracheal cells of tkv and rho, respectively (Llimargas and Casanova, 1997; Vincent et al., 1997; Wappner et al., 1997) . Similarly to the btl pathway, rho expression in the tracheal cells depends both on trh and vvl function Casanova, 1997, 1999) . However, while tracheal expression of tkv also depends on vvl (Llimargas and Casanova, 1997) we have found that it appears to be independent of trh ( Fig. 1E) . The opposite appears to be the case for two other tracheal genes, tracheal defective (tdf) and pebbled (peb) (also known as hindsight (hnt)), which code for two putative transcription factors (Eulenberg and Schuh, 1997; Yip et al., 1997) . Both genes appear to be targets of trh (Eulenberg and Schuh, 1997) ( Fig. 1F ) but they are present in the tracheal cells of vvl mutant embryos (Fig. 1B,C) . Thus, some tracheal genes seem to be common targets of vvl and trh but others seem to depend only on one of them.
Finally, we have analyzed whether knirps (kni) and knirps related (knrl) would ®t in this genetic hierarchy. Both genes code for putative transcription factors that are expressed in overlapping patterns and share redundant functions during tracheal development; both genes have an early expression in the tracheal placodes and a later expression in a particular subset of tracheal branches (Chen et al., 1998) . Quite surprisingly, we have found that the early tracheal expression of kni is not abolished either on trh or in vvl mutant embryos ( Fig.  1D ) and also that all the tracheal genes mentioned above are expressed in the tracheal cells of embryos that are mutant for a de®ciency that uncovers both kni and knrl (Fig. 1I) .
In summary, we have found that there are some primary tracheal genes whose expression appears not to be regulated by any other tracheal gene. Subsequently, one or more of those primary genes are necessary for the appropriate expression of other downstream genes in the tracheal cells (see Section 3).
Ectopic trh expression induces tracheal pits in vvlexpressing cells
The complexity of regulatory interactions described above indicates that more than one gene can act as an inducer of the expression of downstream tracheal genes. This seems to contrast with earlier results suggesting that the trh gene acts as the master gene for tracheal fate. Evidence for this came from experiments of ubiquitous expression of trh that generates new tracheal pits at the correct position in anterior and posterior segments that normally do not form pits (Wilk et al., 1996) . We observe the same result when an UAS-trh construct is speci®cally expressed in the embryonic terminal regions by means of a sal-Gal4 line. In both cases, induction of extra tracheal pits can be visualized very early in development by the appearance of additional clusters of cells that express btl in more anterior and posterior segments (Fig. 2D) . However, the capacity of trh to induce btl expression appears restricted to speci®c positions in the embryo. We have con®rmed that the restricted activation of btl by trh is not due to low levels of trh since the use of the Gal4/UAS system (Brand and Perrimon, 1993) induces high levels of trh transcripts (Fig. 2B) . Conversely, we favour the alternative conclusion that the activity of trh alone is not suf®cient to induce btl expression, probably because other factors are also required in combination with trh.
vvl is a good candidate for such a factor. vvl is required to induce some of the tracheal genes. In addition, vvl is expressed independently of trh in the tracheal placodes and in the analogous location within the segments that do not form tracheal pits (de Celis et al., 1995) (Fig. 2E) . These are precisely the positions where trh can induce additional tracheal pits. We thus analyzed whether both trh and vvl are required to instruct those cells to adopt a tracheal fate. On inducing an UAS-trh construct in the terminal regions of vvl mutant embryos (with the same sal-Gal4 line as above), ectopic induction of btl in new patches of cells is suppressed (Fig. 2F ). This result indicates that it is the localized expression of vvl that accounts for the restricted induction of btl in a particular set of cells upon general expression of trh. We note, however, that the situation is different in the normal tracheal placodes where vvl is dispensable for induction of btl expression (de Celis et al., 1995) (Fig. 2F ) and is only required for its maintenance (Anderson et al., 1996) .
trh and vvl are suf®cient to induce btl expression but not other tracheal genes
The above experiments indicate that vvl is required for the induction of extra tracheal pits in additional segments. However, general expression of vvl with an UAS-vvl construct does not induce additional tracheal pits or ectopic expression of btl (data not shown). We then addressed the question of whether the co-expression of vvl and trh would be suf®cient to induce tracheal fates, as monitored by induction of btl expression. Indeed, simultaneous expression of an UAS-vvl and an UAS-trh construct in the embryonic terminal regions under the common control of the sal-Gal4 line induces btl expression throughout both regions (Fig. 3B) . Also, co-expression of vvl and trh in unrelated regions such as the distal leg primordia (directed by a Dll-Gal4 line) is suf®cient to induce btl expression (Fig. 3D) . Thus, vvl and trh are both required and their co-expression is suf®cient to ectopically induce btl expression.
On the contrary, vvl and trh appear not to be suf®cient for the expression of the remaining tracheal genes. While tracheal expression of dof, tdf, peb, tkv and rho require either vvl or trh, or both, we do not observe induction of any of these genes upon ectopic expression of vvl and/or trh (data not shown). Therefore, these results raise the possibility that full induction of tracheal fates requires one or more additional factors. In this regard it is worth noting that the tracheal branches generated from ectopic trh in vvl expressing cells are abnormal and do not fuse with the normal tracheal tree (Wilk et al., 1996 and pers. commun.) .
sal downregulates the tracheal genes
Expression of trh is repressed by sal in the terminal regions which has led to the suggestion that this is the mechanism that accounts for the con®nement of tracheal placodes to the central segments of the embryo (Ku Èhnlein and Schuh, 1996) (Fig. 4B) . In contrast, vvl is expressed at the correct positions in segments that normally do not form tracheal placodes, although its expression in those sites is much weaker (Fig. 4C) . We analyzed whether sal could also regulate vvl expression. Indeed, we ®nd that vvl expression is strongly increased in those sites in sal mutant embryos (Fig. 4D) suggesting that vvl is downregulated by sal in the segments that do not form tracheal pits. Similarly, we have found that kni expression is also upregulated in the same sites in sal mutant embryos (Fig. 4L) . Repression of vvl and kni by sal could in principle be attributed to the downregulation of trh by sal. However, this seems not to be the case because expression of vvl and early expression of kni in the tracheal placodes does not depend on trh (see above). Therefore, sal seems to independently downregulate trh, vvl and kni in the most anterior and posterior embryonic regions.
Because trh and vvl are suf®cient to activate btl, we also found additional patches of btl expression in sal mutant embryos (Fig. 4F) . We have also found that dof and rho are expressed in additional patches of cells in sal mutant embryos (Fig. 4H,J) . Repression of dof and rho by sal could also be attributed to the downregulation of trh and vvl by sal. However, this seems not to be the case because co- expression of trh and vvl in the sal domain is not suf®cient to induce either dof or rho expression (see above). Instead, sal could directly repress dof and rho or, alternatively, it could repress an additional factor necessary for their induction.
In summary, many tracheal genes appear to be independently downregulated by sal in the terminal regions. Besides, we also note that the lack of sal expression does not have the same effect on the tracheal genes. In particular, some of the additional patches of trh expression are much weaker than the normal ones. This difference is not so pronounced in the case of vvl expression in sal mutant embryos. Also, we observe only one additional anterior pair of cell clusters for rho and dof expression. Therefore, not all the tracheal placodes are equivalent in sal mutant embryos.
Discussion

Distinct regulatory interactions among tracheal genes
The trh and vvl genes appear to initiate or to act very early in the genetic hierarchy specifying tracheal fate; their expression is independent of each other and is also independent of the other known tracheal genes. Conversely, expression of all the other known tracheal genes is dependent on trh, vvl or both with the exception of early expression of kni in the tracheal cells. In addition, ectopic expression of trh is able to induce the formation of extra tracheal pits and the concomitant expression of other downstream tracheal genes (i.e. btl) (Wilk et al., 1996) . These observations have led to the proposal that trh may act as an inducer of tracheal fates (Wilk et al., 1996) . However, this inductive capacity is spatially limited and our experiments demonstrate that the capacity of trh to act as an inducer of additional tracheal branches is dependent on vvl. Furthermore, vvl and trh are suf®cient to induce btl expression in other places in the embryo unrelated by position along the dorsoventral axis or by position within the segment. However, other tracheal speci®c genes such as rho and dof are not ectopically induced by the combined activity of trh and vvl. Therefore, our results indicate that expression of tracheal speci®c genes is induced by the distinct combination of the activity of different factors. Clearly, both trh and vvl are elements of such a combination but probably one or more additional factors are also required. These results suggest a new type of mechanism for tracheal induction where there is no a single tracheal inducer; rather a combination of different transcription factors appear to be required to elicit the tracheal fates.
The role of sal in restricting tracheal fates to the embryonic trunk region
Development of the tracheal placodes is restricted to the embryonic trunk by the repression of the sal gene in the terminal regions. Also, the expression of trh itself is repressed by sal, suggesting that this is the mechanism that accounts for the exclusion of tracheal placodes in the terminal regions (Ku Èhnlein and Schuh, 1996) . Here we extend these observations and indicate that other genes expressed in the tracheal cells independent of trh are also downregulated by sal in the terminal regions. Taken together, these data suggest that sal acts as a repressor of tracheal fates in the terminal regions via its multiple effects on various genes that co-operate in the induction of tracheal identity. In addition, the fact that the tracheal placodes are not equivalent in sal mutant embryos suggests that other elements may operate in repressing tracheal fates at the embryonic poles.
The role of vvl in regulating btl expression
While btl expression initiates normally in the tracheal placodes of vvl mutant embryos, btl transcripts decay and rapidly fade around stage 12. Thus, it appears that vvl has no role in setting the initial transcription of btl but is rather required for the maintenance of its expression (Anderson et al., 1996) . Surprisingly, our results indicate that both trh and vvl are necessary to induce ectopic btl expression. What is the relevance of the requirement of vvl for ectopic induction of btl to the normal situation? We think that the results reported here unveil a new role of vvl as they show that vvl can act in the initiation of btl expression. How to account, then, for the fact that btl expression initiates normally in the tracheal placodes of vvl mutant embryos? We would like to suggest that a still unidenti®ed factor whose function is at least partially overlapping with vvl could be present in the tracheal placodes; btl expression would be normally initiated in the tracheal placodes of vvl mutant embryos because such an additional factor could substitute for the role of vvl. A similar situation has been reported for the speci®cation of gonadal mesoderm and fat body where zinc-®nger homeodomain protein-1 (zfh-1) and tinman (tin) have overlapping and partially redundant functions in the regulation of downstream genes (Moore et al., 1998) . In that scenario, the decay of btl expression in vvl mutant embryos could re¯ect the decline of this additional factor rather than a speci®c role of vvl in the maintenance of btl transcription. In spite of its tracheal expression and its mutant phenotype, kni seems not to be this additional factor for the following reasons. Firstly, it does not affect the expression of any of the other tracheal genes that we have studied (see above) and secondly, an UAS-kni construct can not substitute for the UAS-vvl construct in our assays of ectopic induction of tracheal genes (data not shown). Nevertheless, irrespective of this suggestion, our results indicate a new role for vvl, as they show that it can act in the initiation of btl expression.
A model for tracheal induction
In summary, we would like to suggest a co-operative model for the induction of tracheal fates (Fig. 5) . A set of primary genes would be controlled directly and independently by the genes that specify positional cues along the embryonic body axes. trh and vvl are among these primary genes but there could be more genes acting at this level. For example, we have shown that early expression of kni in the tracheal placodes is independent of trh and vvl. Indeed, this expression of kni is functionally signi®cant since it is required for primary branching (Chen et al., 1998) . Activation of the early genes would be downregulated by sal in the terminal regions such that tracheal fates would be induced only in the central segments of the embryo. There, different combinations of trh, vvl and other genes would be necessary to activate the whole battery of downstream genes (i.e. btl, rho, tkv, dof, tdf, peb). The observation that kni does not affect the expression of any the known downstream genes suggests that it might act in parallel in early tracheal devel- opment. Finally, the combined activity of all these target genes would direct the differentiation of the tracheal cells and make possible their migration in different branches.
Experimental procedures
Fly strains
We have used the alleles vvl GA3 , salII A55 (or salm 1 ) and trh
10512
. The de®ciency Df(3L)ri XT1 uncovers both kni and knrl (Rothe et al., 1989) . Ectopic expression of trh, vvl or kni was achieved with the GAL4 system (Brand and Perrimon, 1993) using UAS-trh (Wilk et al., 1996) , UAS-kni (Chen et al., 1998) and UAS-vvl lines activated either by a sal-GAL4 line or by a Dll-GAL4 line (provided by M. Calleja and G. Morata). To identify homozygous mutant embryos we used a TM3-hb-lacZ or a TM3-ftz-lacZ blue balancer.
UAS-vvl construct
To generate a clone with the complete coding sequence for vvl we excised a BamHI fragment from position 946 to position 2369 from a clone with a vvl cDNA (provided by W.A. Johnson) and ligated it into pET32a with an upstream fragment from the start codon to position 946 that had been ampli®ed by PCR and that included a NcoI site at the 3 H end. From that clone we excise a BglII/NotI fragment and we cloned it into the pUAST vector (Brand and Perrimon, 1993) . By P-element mediated transformation we generated several independent¯y strains carrying the UAS-vvl construct.
Immunochemistry and in situ hybridization
Embryos were stained according to standard protocols using the Vectastain ABC kit. Whole mount in situ hybridization was done following the method of Tautz and Pfei¯e (1989) with minor modi®cations. Detection of b-gal with a speci®c antibody (Cappel) was performed to identify embryos carrying a blue balancer. The primary antibodies used were anti-vvl (Llimargas and Casanova, 1997) , antipeb (1G9 from DSHB, University of Iowa), anti-kni (from D. Kosman), anti-tdf (from K. Eulenberg) and anti-trh (from S. Crews). Probes were generated from clones containing a btl cDNA (from B. Shilo), a dof cDNA (from J. Casal), a rho cDNA (from E. Bier), a tkv cDNA (from K. Basler), a trh cDNA (from D. Andrew) and a vvl cDNA (de Celis et al., 1995) . Fig. 5 . A model for the genetic control of tracheal induction. A set of primary genes are independently controlled by the genes that specify the positional cues along the embryonic body axes. trh and vvl are among these primary genes but our results suggest that there could be other genes acting at this level. Activation of the early genes is downregulated by sal at the terminal regions and tracheal fates are only induced at the central embryonic segments. There, different combinations of trh, vvl and other genes would activates the whole battery of downstream genes (i.e. btl, rho, tkv, dof, tdf, peb). The observation that kni does not affect the expression of any of the known downstream genes suggests that it might act in parallel in early tracheal development. Finally, the combined activity of all these target genes would direct the differentiation of the tracheal cells and make possible their migration in different branches (* indicates the particular role of trh and vvl in btl induction; see text).
